The first version of a computer program eett6f for calculating cross sections of e + e − → 6 fermions processes relevant for a tt-pair production and decay at centre of mass energies typical for linear colliders is presented. eett6f v. 1.0 allows for calculating both the total and differential cross sections at tree level of the Standard Model (SM). The program can be used as the Monte Carlo generator of unweighted events as well. 
Introduction
Precise measurements of the top quark properties and interactions are planned at TESLA [1] and will most certainly belong to the research program of any future e + e − collider [2] . The measurements should be confronted with theoretical predictions matching the same high precision level of a few per mille. It is obvious that in order to reach that high precision it is mandatory to include radiative corrections and, as the measurements of some top quark physical properties will be carried out at high energies, much above the tt threshold, it is crucial to know off-resonance background contributions to any specific 6 fermion decay channel and to estimate the effects related to the off-shellness of the tt-pair.
In this article, a technical documentation of a numerical program, eett6f, is presented which allows for computer simulation of the 6 fermion reactions which are relevant for the top quark pair production and its decay into a specific 6 fermion final state
where f 1 = ν µ , ν τ , u, c, f 2 = µ − , τ − , d, s, and f (1) are treated in the lowest order of SM. Moreover, for the sake of simplicity, it is assumed that the actual values of f 1 and f ′ 2 in (1) are different from each other, and that neither f ′ 1 nor f 2 is an electron. The physics contents of the program is described in [3] , where the details on the physical model, a method of calculation and physical results obtained with eett6f v1.0 have been discussed.
A similar analysis of the 6 fermion processes relevant for a tt production in e + e − annihilation have been performed in [4] , [5] , where semileptonic channels of reaction (1) have been studied, and in [6] , where purely hadronic channels of (1) have been analysed. Moreover, irreducible QCD background to top searches in semileptonic channels of (1) has been discussed in [7] . After this work has already been completed an exstensive study of six fermion reactions, including (1) among others, in the massless fermion limit has appeared [8] . Using the same input parameters and separation cuts as in [8] , the present program gives 5.8160(32) fb and 17.223(15) fb for the cross sections of e + e − → bν µ µ +b τ −ν τ and e + e − → budbµ −ν µ , respectively, at CMS energy of 500 GeV. These results are 2-3 standard deviations off the corresponding results of [8] . This difference can most probably be traced back to somewhat different implementation of the top quark width in the top quark propagator. In the present work, the top quark width is introduced both in the denominator and in the numerator of the top propagator while, in [8] , it seems to be introduced in the denominator only. The invariant mass and angular distributions of the bud quark triple of e + e − → budbµ −ν µ at s 1/2 = 500 GeV shown in [8] are nicely reproduced by eett6f within accuracy of the plots.
The main advantage of the present program is that it allows for taking into account both the electroweak and QCD lowest order contributions. As light fermion masses are not neglected, the cross sections can be calculated without any kinematical cuts. Moreover, a number of options have been implemented in the program which make possible calculation of the cross sections while switching on and off different subsets of the Feynman diagrams. It is possible to calculate cross sections in two different narrow width approximations discussed below, too.
Besides of a possibility of taking into account solely the electroweak contributions, or switching off the Higgs boson exchange diagrams, the program allows also for a simplified treatment of reaction (1) by utilizing a few different approximations: the double resonance approximation for W bosons
where only those 61 Feynman diagrams are taken into account which contribute to e + e − → bW +b W − and the W bosons are considered as being off-mass-shell and the double resonance approximation for a t-andt-quark (4)) with on mass shell W 's (top quarks) and by multiplying the cross section of the on mass shell reaction (2) ( (4)) with the branching ratios corresponding to final state of reaction (1) . The necessary partial decay width of the W and t are calculated according to the lowest order SM, and the fermion masses are neglected in the three body top decay with.
The necessary matrix elements of reactions (1), (2) and (4) are calculated with the helicity amplitude method described in [9] and [10] and phase space integrations are performed with the Monte Carlo (MC) method. More details on the multi-channel MC algorithm (see e.g. [11] ), on which the MC integration and event generation is based, are given in the next section.
Monte Carlo integration and event generation
In order to improve the convergence of the MC integration the most relevant peaks of the matrix element squared related to the Breit-Wigner shape of the W, Z, Higgs and top quark resonances as well as to the exchange of a massless photon or gluon have to be mapped away.
As it is not possible to find out a single parametrization of the n-dimensional phase space which would allow to cover the whole resonance structure of the integrand, it is necessary to utilize a multi-channel MC approach. In the multi-channel MC approach, the random numbers 0 ≤ x j ≤ 1, j = 1, ..., n, and hence four momenta of the final state particles, are generated according to one of N different probability densities f i (x), i = 1, ..., N, x = (x 1 , ..., x n ). The distribution f i (x), which accounts for several different peaks of the integrand, is selected with probability a i . All the distributions f i (x) are then combined in a single probability distribution f (x) which should cover possibly all the peaks of the integrand, or at least the most relevant ones
The second condition of Eq. (6) guaranties that, if every distribution f i (x) is normalized to unity, then the combined distribution f (x) is normalized to unity, too. Obviously, all the distributions f i (x) and weights a i , i = 1, ..., N, are to be non negative.
The basic phase space parametrizations which are used in the program are listed below. The 6 particle phase space of reaction (1) 
The 4 particle phase space of reaction (2) in the narrow W width approximation is parametrized in 2 different ways: 
In Eqs.
where p ′ is the momentum and Ω ′ is the solid angle of one of the particles (subsystems) in the relative centre of mass system, p ′ + p ′′ = 0. Making use of the rotational symmetry with respect to the e + e − beam axis reduces the dimension of the phase space elements to 13 in Eqs. (7)- (9) and to 7 in Eqs. (10) and (11) . Parametrizations (7-11) are used with different permutations of external particle momenta such that invariants s ijk... possibly correspond to the virtuality of propagators of the gauge bosons, Higgs boson and/or top quarks. The invariants are then transformed to the interval [0, 1] by performing mappings smoothing out peaks related to the propagators. All other integration variables of Eqs. (7) (8) (9) (10) (11) , not related to peaks of the matrix element squared, are also transformed to the interval [0, 1] with a simple mapping defined in the following way. Let y j ∈ [c j , b j ] be a variable not related to a peak in the matrix element squared and x j be random variable uniformly distributed in the interval [0, 1], then the relation
defines the necessary mapping. After having all the integration variables transformed to the interval [0, 1], any of phase space parametrizations (7-9) for reaction (1), or (10), (11) for reaction (2) in the narrow width approximation, for a given permutation of particle momenta, can be directly associated with the probability density f i (x), which is referred to as a kinematical channel. Altogether 59 (21) different channels are used in order to integrate the matrix element squared of reaction (1) (reaction (2) in the narrow width approximation).
The weights a i are calculated in the initial scanning run that starts with all the weights equal to each other. The weights a i , i = 1, ..., N, for the actual run are calculated as ratios
where σ j denotes the cross section obtained with the i-th kinematical channel in the initial scan.
Calculation of the cross section of reaction (4) in the narrow top width approximation does not require the multi-channel MC approach and can be performed with the single phase space parametrization (12).
Description of the program
eett6f is a package written in FORTRAN 90. It consists of 50 files including a makefile. They are stored in one working directory. The user should specify the physical input parameters in module inprms.f and select a number of options in the main program csee6f.f.
Program input
The default values of the input parameters and options used in the program are those specified below.
Physical parameters
The initial physical parameters to be specified in module inprms.f are the following.
Gauge boson masses and widths (GeV):
mw=80.419 GeV, the W mass, gamw=2.12 GeV, the W width, mz=91.1882 GeV, the Z mass, gamz=2.4952 GeV, the Z width.
The electroweak (EW) mixing parameter sw2 is then calculated from
utilizing mw2 = mw**2, mz2 = mz**2 in the fixed width scheme, and mw2 = mw**2 -i*mw*gamw, mz2 = mz**2 -i*mz*gamz in the complex mass scheme. ralp0 = 137.03599976, an inverse of the fine structure constant in the Thomson limit, gmu=1.16639×10 −5 GeV −2 , the Fermi coupling constant, alphas=0.1185, the strong coupling constant at mz.
An inverse of the fine structure constant at mw, ralpw, is then calculated from ralpw=4.44288293815837/(2*sw2*gmu*mw**2). ncol=3, the number of colours, convc=0.389379292×10 12 fb GeV 2 , a conversion constant.
Main options
The following main options should be selected in the main program csee6f.f.
The number of different centre of mass (CMS) energies ne ne = 1. Recommended if the unweighted event are to be generated.
The actual values of the CMS energies in the array aecm of size ne:
aecm=(/500.d0/).
The final state of (1) 
Whether or not to calculate the Born cross section utilizing the full 6 particle kinematics, iborn = 1 (yes) / else (no), with ncall0 calls to the integrand
iborn = 1 ncall0 = 20000. Recommended No of calls is a few millions.
Generate the unweighted events or not, imc = 1(yes)/else(no)?
No standard event record is used. If imc = 1, then the final state particle momenta of the accepted unweighted events are printed in the output.
Scan the Born cross section with nscan0 calls, iscan0 = 1(yes)/else(no), in order to find the dominant kinematical channels, adjust integration weights and find out the maximum value of the cross section iscan0 = 1. This option is strongly recommended.
nscan0 = 200. About 1 thousand is recommended.
Calculate an approximate cross section of (2) Choose the scheme: ischeme = 1(complex mass scheme)/else(fixed width scheme) ischeme = 1.
If ischeme=1, then should alpha W be complex (iaplw=1) or real (ialpw=0)?
ialpw=1. Constants xli, xui should be of type real (8) and ni of type integer. The number of desired distributions and the maximum number of bins, nbmax = max{n1, n2, n3, n4} should be specified in module distribs.f.
Auxiliary options
The maximum of the fully differential cross section crmax, relevant only if iscan0 = 0 or iscanww = 0, crmax=1000.
Routines of eett6f
The main program csee6f.f, each subroutine, function or module are located in a file named the same way as the routine itself, except for 3 functions: srr, src and scc located in a single file dotprod.f. The program consists of the following routines.
• SUBROUTINE boost -returns a four vector boosted to the Lorentz frame of velocity -v.
• SUBROUTINE carlos -the MC integration routine.
• SUBROUTINE couplsmb -returns the SM couplings.
• FUNCTION cross -calculates the cross section of (1), approximated cross sections of (2-5) and the cross section of (2) in the narrow W -width approximation.
• FUNCTION crosstopa -calculates the cross section of (4) in the narrow top width approximation.
• The MAIN PROGRAM csee6f.
• MODULE distribs -contains parameters of distributions.
• MODULE drivec -contains driving flags and some kinematical variables.
• SUBROUTINE eebwbw -returns the squared matrix element averaged over initial spins and summed over final spins and colours of e + e − → bW +b W − .
• SUBROUTINE eee -returns a contraction of a triple gauge boson coupling with three complex four vectors.
• SUBROUTINE eeee -returns a contraction of a quartic gauge boson coupling with four complex four vectors.
• SUBROUTINE eeff1 -returns the squared matrix element averaged over initial spins and summed over final spins and colours of e + e − → ff.
• SUBROUTINE eeh -returns a contraction of the Higgs-gauge boson coupling with two complex four vectors.
• SUBROUTINE eett6f -returns the squared matrix element averaged over initial spins and summed over final spins and colours of reaction (1) and approximations (2-5).
• SUBROUTINES eev, eve and vee -return contractions of a triple gauge boson coupling with two polarization vectors leaving, respectively, the third, second and first Lorentz index uncontracted.
• SUBROUTINE fhfb -returns a set complex scalars: scal(λ 1 , λ 2 ) = g S12ū1 u 2 ∆ F , where u 1 , u 2 are fermion spinors, ∆ F is a scalar boson propagator and g S12 is a coupling of the scalar boson to fermion 1 and 2.
• SUBROUTINE fvfa -returns a set of four vectors ε • SUBROUTINE fef -returns a set of matrix elements mat(λ 1 , λ, λ 2 ) =ū 1 (λ 1 )/ ε(λ)(g
, where notation is the same as in fvfa.
• SUBROUTINE impcuts -imposes cuts on the kinematical variables of process (1).
• MODULE inprms -contains initial input parameters.
• MODULE kincuts -contains kinematical cuts.
• SUBROUTINE kinee1212 -returns the four momenta, phase space normalization and flux factor for a 2 → 6 process in the CMS. The phase space parametrization used is that of Eq. (9).
• SUBROUTINE kinee6f -returns the four momenta, phase space normalization and flux factor for a 2 → 6 process in the CMS. The phase space parametrization used is that of Eq. (8).
• SUBROUTINE kineeff1 -returns the four momenta, phase space normalization and flux factor for a 2 → 2 process in the CMS. The phase space is parametrized according to Eq. (12).
• SUBROUTINE kineeffff -returns the four momenta, phase space normalization and flux factor for a 2 → 4 process in the CMS. The phase space is parametrized according to Eq. (11).
• SUBROUTINE kineetbff -returns the four momenta, phase space normalization and flux factor for a 2 → 4 process in the CMS. The phase space is parametrized according to Eq. (10).
• SUBROUTINE kineett6f -returns the four momenta, phase space normalization and flux factor for a 2 → 6 process in the CMS. The phase space parametrization used is that of Eq. (7).
• SUBROUTINE kinff -returns the final state four momenta and phase space normalization for a 2 → 2 process in the CMS.
• FUNCTION lamsq -the kinematic lambda function, λ( √ x, √ y, √ z).
• MODULE mathprms -contains necessary arithmetical constants.
• SUBROUTINE parfix -returns parameters of a specific process (1) and the branching ratios for the narrow width approximations; initializes weights for the Monte Carlo integration.
• MODULE parproc -contains parameters for a specific process.
• SUBROUTINE peu -returns a set of generalized spinors:
V P + )u 1 (λ 1 ), where S F is a Feynman propagator of an internal fermion and the remaining notation is the same as in fvfa.
• SUBROUTINE psnee1212 -returns a phase space normalization as the one of kinee1212 for a given set of external particle momenta.
• SUBROUTINE psnee6f -returns a phase space normalization as the one of kinee6f for a given set of external particle momenta.
• SUBROUTINE psneeffff -returns a phase space normalization as the one of kineeffff for a given set of external particle momenta.
• SUBROUTINE psneetbff -returns a phase space normalization as the one of kineetbff for a given set of external particle momenta.
• SUBROUTINE psneett6f -returns a phase space normalization as the one kineett6f for a given set of external particle momenta.
• SUBROUTINE recpol -returns real polarization vectors of a vector boson in the rectangular basis.
• FUNCTION scc (contained in dotprod.f) -returns the Minkowski dot product of two complex four vectors.
• SUBROUTINE spheric -returns spherical components ps of a four vector p µ , ps= (|p|, cos θ, sin θ, cos φ, sin φ), with θ and φ being a polar and azimuthal angles of momentum p.
• SUBROUTINE spinc -returns the contractions: p 0 I − p · σ and p 0 I + p · σ, where p µ = (p 0 , p) is a complex four vector, I is the 2 × 2 unit matrix and σ are the Pauli matrices.
• SUBROUTINE spinornew -returns helicity spinors in the Weyl representation.
• SUBROUTINE spinr -returns the same contractions as in spinc for a real four vector p µ .
• FUNCTION src (contained in dotprod.f) -returns the Minkowski dot product of a real and a complex four vector.
• FUNCTION srr (contained in dotprod.f) -returns the Minkowski dot product of two real four vectors.
• SUBROUTINE uep -returns a set of generalized spinors:
V P + )S F , where notation is the same as in peu.
• SUBROUTINE wwidth -returns the partial width of the W -boson averaged over initial spins and summed over final spins, and colours for hadronic decay modes.
Run output
A sample of the listing of the test run output is given in Appendix A. It contains a specification of the process, information on the scheme choice, and values of the relevant physical parameters in the very beginning. Then, for each value of the CMS energy and for each cross section calculated, results of the initial scan and resulting weights for the actual run are printed, if iscan = 1. Sometimes the weights calculated according to Eq. (14) do not add up exactly to 1. Then, the last weight is changed slightly in order the second condition of Eq. (6) to be fulfilled. This change is supposed to be completely irrelevant numerically, but the message about it is printed. The final result for the total cross section is called Integral. Its value is printed together with the standard deviation and the actual number of calls used in the calculation. Finally, information on events acceptance efficiency is given, that means a fraction of accepted weight 1 events. If the event generation option is switched on, i.e. imc = 1, then the corresponding number of unwighted events will be printed out as collections of final state particle four momenta.
Whenever a maximum value of the cross section initially assigned in csee6f.f or found in the result of the initial scan is overflown by more than a factor 1.5, a corresponding message informing about it is printed. The integration is still valid, however, if the program is run as an event generator, it should be rerun. How to proceed in this situation is described in the next section. In the very end, all the calculated total cross sections together with the corresponding standard deviations are collected in the tabular form. The results of the test run should reproduce those contained in file testrun.
The program can be run as the MC event generator of unweighted events by selecting imc = 1 in csee6f.f. It is then recommended to run the program for a single CMS energy and to perform a scan with a relatively large number of calls, nscan0 or nscanww. Attention should be paid to possible messages informing about updates of the maximum weight. In this case the program should be rerun, however, this time without the initial scan. The initial integration weights aw0 or awa in parfix.f and the maximum weight crmax in csee6f.f should be updated according to the results of the prior scan. At present the efficiency of events acceptance is relatively low. However, in view of a relatively fast performance of the program, this should not be a serious limitation for the user.
Outlook
The following improvements of the program are envisaged in the near future. First of all, a new version is being prepared which will allow for calculations of reactions involving the same external fermion flavours. Another step will be an inclusion of the most relevant factorizable higher order effects: electroweak and QCD corrections to the top pair production, e + e − → tt, to the t andt quark decays, as well as to the W + and W − decays.
The maximum weight updated from 0.14818308E+04 to 0.16809386E+04 The maximum weight updated from 0.16809386E+04 to 0. 
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